Previous research has shown that performance on problem solving improves over a period of sleep compared to wakefulness. However, these studies have not determined whether sleep is beneficial for problem solving or whether sleep merely mitigates against interference due to an interruption to solution attempts. Sleep-dependent improvements have been described in terms of spreading-activation, which raises the prediction that an effect of sleep should be greater for problems requiring a broader solution search. We presented participants with a set of remote associates tasks that varied in difficulty as a function of the strength of the stimuli-answer associations. After a period of sleep, wake, or no-delay, participants reattempted previously unsolved problems. The sleep group solved more difficult problems than the other groups, but no difference was found for easy problems. We conclude that sleep facilitates problem solving, most likely via spreading activation, but this has its primary effect for harder problems.!
!

5!
RAT problems vary greatly in terms of how much spreading activation is required between the stimulus and target words, which can be measured in terms of how closely associated the stimulus and target words are. If sleep-dependent improvement on RAT problems is a result of a boost to spreading-activation during sleep, then we should see a larger effect of sleep for problems where activation has to spread more widely across the semantic network between the stimulus and the target words.
In this study, we compared the effect of sleep on different RAT problems varying in terms of problem difficulty. The difficulty of RAT problems has been determined to be a function of how distant the associations are between stimulus and target words (Mednick, 1962) . When solving difficult RAT problems, in which the words and the answer are remotely associated, expanding the search of the problem space via spreading activation is needed in order to reach the correct associates. For easy RAT problems, in which the presented words and answer are closely associated, successful solution requires only a narrow search within the problem space (Ball & Stevens, 2009 ). Analogous to the research on sleep primarily affecting complex rather than simple motor tasks (Kuriyama et al., 2004) , we predict that sleep will most affect more difficult RATs, which require activation of weaker associates for solution discovery. However, we predict that performance on easy RATs should not be significantly enhanced after sleep because sleep does not particularly facilitate access to strong associations, as compared with wakefulness (Stickgold et al., 1999) .
According to research on problem solving, a delay even without sleep, between the initial and subsequent attempts in problem solving, can still facilitate performance (Sio & Ormerod, 2009) . It is suggested that this "incubation" interval provides time for ! 6! the forgetting of inappropriate solution concepts that mislead individuals during initial attempts (Smith, 1995; Smith & Blankenship, 1991) as well as a gradual spread of activation toward previously ignored but relevant memory items (Bowers et al., 1990; Smith, 1995; Smith & Blankenship, 1991; Yaniv & Meyer, 1987) . To ensure that any observed post-sleep performance improvement is sleep-rather than time-dependent, the majority of past studies on the effect of sleep for task performance have compared posttraining performance between a period of sleep and a comparable period of wakefulness (Stickgold, 2005) . However,in some circumstances, a pause in problem-solving may not be beneficial (Sio & Ormerod, 2009 ). Problem-solving has been characterised as a search for a solution within a problem space (Newell & Simon, 1972 ). An uninterrupted effort allows individuals to perform a comprehensive search within the problem space. A discontinued effort (e.g., interruption filled by other activities) may impair problem solving performance by not allowing participants to continue a focused search to completion (Gall & Mendelsohn, 1967; Olton & Johnson, 1976; Sio, 2010; Wiley, 1998) .
We cannot therefore conclude that there are advantageous effects of sleep for problem solving unless we also compare performance to a condition where participants continue with the problem without long interruption. In our study, we include a comparison between participants who continue immediately with the problem solution and participants who have a period of incubation or sleep between first and second exposure to the problems. ! !
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Method Participants
Twenty-seven male and 34 female students from Lancaster University were paid to participate in this experiment. Mean age of the participants was 20.5 (SD = 2.3), all had normal or corrected-to-normal vision, and all spoke British-English as their first language.
Materials
Thirty problems were taken from the set of RAT problems tested by Bowden and Jung-Beeman (2003a) 1 . All were determined to be appropriate for British participants by two first-language British-English speaking judges. The distinction between easy and difficult problems was determined on the basis of performance of the group of participants in the study from the first testing session. This was because norms from previous studies of solution rate of RAT problems were not correlated with performance on the RAT problems by our group of participants (see Results for more details). The problems were thus divided according to a median split into those that the participants as a whole found easier to solve, and those that were more difficult. Thus, problems that the participant group as a whole solved less often were assigned to the difficult group of items, and those problems that the participant group solved more often were assigned to the easy group of items.
To test the reliability of these solution rates, we conducted an additional experiment to measure performance on the same set of RATs. Twenty-five Lancaster University students (13 male, 12 female) with mean age 21.8 (SD = 5.8) were recruited from the same population as the main study. The procedure was the same as for the first session of the main experiment, described below, except that participants attempted all the RATs in a single session. The solution rate data in this additional study were highly correlated with performance in the main study, r(27) = .888, p <.001, indicating that the easy/difficult distinction was consistent across the two samples of our population.
We observed that measuring ease of RAT problems is best done on the population currently being assessed rather than relying on solution rate norms for participants with different backgrounds tested under slightly different conditions. We found that there was no correlation between performance on the RAT problems for our British English A further 12 RATs were taken from the Bowden and Jung-Beeman (2003a) set for presentation as novel items in the second test session, and again all were judged to be suitable for British-English speaking participants.
We measured length of sleep between test sessions for the groups that slept during the study using an Actisleep activity monitor (ActiGraph, FL, USA), the data from which was analysed using the Sadeh, Sharkey, and Carskadon (1994) algorithm to determine sleep length.
!
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Design and Procedure
Participants were tested two times on the RAT problems in one of three conditions which varied time interval between first and second test, whether participants slept or stayed awake between tests, and controlled for time of day of testing (see Table   1 ). For the control group there was no delay between the first and second testing sessions, so the second test followed immediately after the first session was completed. The control group comprised two subgroups that varied the time of day of testing (testing was at 9am
or at 9pm), to ensure that across the whole group performance was not confounded with time of day. For the incubation group, participants were tested at 9am and retested 12 hours later (9pm the same day). For the sleep group, the first and second test sessions were separated by an intervening night of sleep. The sleep group comprised two subgroups which, as with the control group, controlled for effects of time of day of testing (one subgroup was tested at 9pm and 9am the next day, the other subgroup was tested at 9pm and 9pm the following day).
In the first test session, participants were asked to solve a series of RAT problems displayed individually on a computer screen for one minute. Participants were able to enter their answer at any point. If their response was correct, the next problem was presented, otherwise they were informed their answer was incorrect and they continued to attempt to solve the problem. At the end of one minute, participants were given a final opportunity to make a response, otherwise they pressed a key indicating "no response"
and the next problem was presented. The first testing session was completed once 8 problems were unsolved or once all 30 RAT problems had been presented. As the problems were presented in random order to participants, it was possible to determine the ! 10! relative ease or difficulty of the problems for the whole group that were unsolved by each individual. In the second test session, participants were given the unsolved problems from the first session, randomly intermixed with 12 novel RAT problems.
For the incubation and sleep groups, participants were instructed to keep to their normal sleep-wake routine, and to abstain from taking naps, alcohol and caffeine during the course of the study. Participants in the sleep group were issued with a sleep monitor during the inter-session overnight sleep in order to measure the length of their sleep.
Results
In all analyses, performance was measured in terms of the proportion of correct responses. In order to assess time of day effects, as well as potential effects of interval between tests for the sleep group, performance between the control morning and evening test subgroups, and between the sleep morning and evening test subgroups, were compared. There were no significant main effects for the two control groups on accuracy evening test, M = .281, SD = .160), both F < 1. Though the subgroups comprised small numbers of participants (see Table 1 ), the accuracies were very similar across groups, suggesting that time of day was not a factor influencing performance. Consequently, the two control subgroups and the two sleep subgroups were merged into a single control ! 11! group and a single sleep group, and further analyses compared the three main groups:
control, incubation, and sleep. Though the sleep group had the opportunity for incubation as well as sleep, the sleep group enables us to test the additional effect of sleep for this group compared to the incubation only group. However, the contribution of sleep and longer incubation in the morning sleep group (24 hours between sessions) did not influence performance distinctly compared to the evening sleep group (12 hours between sessions) who had the opportunity for a shorter incubation period, suggesting that differences in incubation were not affecting performance over and above the effect of sleep.
In order to test that participants in the three groups did not differ in their initial ability to solve RATs, accuracy of RAT problem performance for the first test was compared in a one-way ANOVA, and resulted in no significant difference, F(2, 58) = 1.521, p =. 237, ! p 2 = .050, indicating that the groups were initially balanced in terms of performance on solving the RAT problems on first exposure (see Figure 1 , left panel).
Similarly, we tested whether each group differed in terms of their overall performance on the new items in the second test. A one-way ANOVA revealed no significant differences, F(2, 58) < 1, indicating the groups did not differ in terms of practice effects for the second test (see Figure 1 , right panel). There was, however, a significant difference between overall performance in the first test (M = .445, SD = .154) and the performance on the new items in the second test (M = .286, SD = .143), p < .001.
The set of RATs presented as new items in the second test were more difficult than the set of 30 RATs that constituted the first test, however, the important feature of the new items is that the groups did not differ in their performance for these items. A detailed ! 12! examination on task difficulty for the sets of RATs is presented in the next section.
Task Difficulty
We divided the set of RAT problems presented at the first test into difficult and easy sets, based on a median split of solution rate during the first test, then ease of solution in the first test session was used to assess performance in the second session. The In order to determine the characteristics of the new RATs in the second test, we conducted similar analyses on the given word stimuli associated with the target word.
!
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The number of given word stimuli for which target word was given as an associate differed between new, difficult, and easy RAT problems, F (2, 38) = 10.521, p < .001.
The new RATs (M = .667, SD = .651) had fewer given word to target word associations than the easy RATs, p < .001, but did not differ from the difficult RATs, p = .804. This suggests that the new RATs in the second test were qualitatively similar to the difficult RATs, and accounts for the relatively low accuracy rates for new RATs on the second test compared with the overall accuracy of RAT solutions on the first test (including both easy and difficult items).
Effect of Sleep
The facilitatory effects of incubation or sleep are demonstrated by significant differences compared to the control group. Comparisons between easy/difficult items and new items are not able to reveal facilitatory effects as the easy/difficult problems were those that participants generally found difficult to resolve. Previous studies revealing effects of sleep or incubation in comparison to new items have typically repeated presentation of all problems, regardless of whether they were solved or unsolved in the first testing. ! Table 2 We conducted an ANOVA on the transformed data with group (control, incubation, or sleep) as a between-subjects factor and problem type (difficult or easy) as a within-subjects factor. There was no significant main effect of group, F(2, 58) < 1, indicating no overall effects of incubation or sleep compared to the control condition.
However, the effect of problem type was significant, F ( (Cai et al., 2009; . To solve a RAT requires activation passing from the stimulus words to the target word with sufficient strength to activate the target word to a sufficient level that it can be retrieved as a potential solution (Mednick, 1962) . Cai et al. (2009) found that implicit presentation of the target word in an unrelated task could be assimilated with the problem as a consequence of REM sleep, thereby resulting in improvements in solution rate for these primed answers, but we instead found such facilitatory effects of sleep without additional cues to the answer, but only for the more difficult problems. Payne (2011) proposed that the beneficial effect of sleep is due ! 17! in some instances to reactivation of information during sleep. Reactivation of the stimulus words of a problem during sleep would result in an increase in activation throughout the network of associated words connected to the stimulus words, and provide an advantage for RAT problem solving particularly for problems requiring a larger spread of activation to discover the answer -i.e., those problems that participants initially found difficult to solve.!
In our study, we have provided a greater specification of the properties of the associative network that result in such sleep-dependent improvements in solution rate.
The distinction between easy and difficult problems corresponds to a distinction in terms of the number of stimulus words that have direct associations to the target word. Thus the difficult problems, with fewer direct associative links from stimuli to target, required a broader spread of activation in order to increase activation of the remotely-associated target word to enable the RAT's solution. This could be achieved by spreading activation directly to weak associates, a process supported by sleep (Stickgold et al., 1999) or via mediating associative concepts. In contrast, the easy RAT problems had a greater number of stimulus words that were directly associated with the target, and so a focused search of closely associated words would be sufficient for discovering the answers to the easy RAT problems. For these easy problems, immediate continuation with the problem appeared to be sufficient to support the local spreading activation for solution, and incubation and sleep did not sufficiently improve performance compared to the control condition.!
As with all incubation studies with a long interval between testing, it is not possible to ensure that participants do not consciously return to the problem between test sessions. However, the effect of sleep appears to be additional to any effect of possible ! 18! conscious attempts at the problem. As previously mentioned, the two sleep subgroups did not differ in terms of accuracy of RAT solutions on the second test session, despite their differing opportunities to return to the problem during wakefulness. In addition, any effects of conscious return to the problems would have been demonstrated by distinct performance between the incubation and control groups. As these differences were small compared to the effects of sleep, we can be confident that the observed effects are due to processing associated with sleep.! An alternative explanation to the spreading activation account for the differential impact of sleep for the difficult problems is that sleep allows the forgetting of competing ideas, which block access to the correct solution and may lead to impasse (Ash &Wiley, 2006; MacGregor, Ormerod, & Chronicle, 2001 ). When solving difficult RATs, it is possible that a greater number of incorrect words may be retrieved during the initial attempt, and consequently a forgetting mechanism is required in order to resolve the retrieval competition. Forgetting of misleading concepts is considered to be one of the mechanisms that facilitate solution discovery (Storm & Angello, 2010) . ! However, as reported above, the overall number of associates to the task stimuli were not significantly different for difficult compared to easy RAT problems, thus total number of incorrect, potentially misleading answers which are directly related to the stimulus words was not sufficient to account for problem difficulty. Equally, the nonsignificant difference in terms of the associate frequency (AF) of the target words between difficult RATs and Easy RATs suggests that these two sets of RATs induced similar levels of retrieval bias. Therefore, the same level of retrieval competition would be expected when solving easy and difficult RATs. If forgetting is the core mechanism ! 19! underlying the sleep effect in this study, then sleep-dependent improvement should be comparable between the difficult and easy RATs.!
In our study, we tested only accuracy rates for RATs, but future studies could collect more qualitative measures of insight problem solving to determine with greater precision yet the nature of facilitatory sleep effects for problem solving. For instance, previous studies of RATs have gathered data on participants' feelings of insight (Bowden & Jung-Beeman, 2003b) , feelings of restructuring, and feelings of suddenness (Sandkühler & Bhattacharya, 2008) . Such additional measures could indicate how sleep is affecting problem solution, extending our current work that provides the first step in demonstrating the effect sleep has on solution rate with regard to problem characteristics.!
The differential impact of sleep on difficult and easy RAT problems implies that the effect of sleep is not general, even among tasks sharing the same type of representation. This suggests that tasks sharing similar superficial features do not necessarily require the same processes for their effective completion (Kuriyama et al., 2004) , and consequently may not benefit from sleep-dependent processing to the same degree. Future studies aiming at identify which aspects of problem solving benefit from sleep should focus not only on the domain of the task, but also on the characteristics of the task. Based on the findings of this study, we suggest that easy and difficult problems require different degrees of spreading activation. In conclusion, we suggest that the idiom " sleep on it" should be elaborated to "sleep on it, but only if it is difficult".! ! 25! 
